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Background and Objectives: Detection of possible alte-
rations of physiological parameters (e.g., pH and tempera-
ture), resulting from malignant transformation of initially
healthy tissue, can be a powerful diagnostic tool for earlier
cancer detection. Such variations can be observed by
comparing these parameters with those of healthy tissue
surrounding the abnormality. Time-resolved spectroscopy
of specifically targeted fluorescent labeled antibodies can be
sensitive to such variations and provide a high resolution
functional image of the region of interest. The goal of this
study was to establish a forward experimental setup for
calibration of the lifetime dependencies of near-IR fluor-
escent dyes on physiological parameters, and to develop
analytical solutions, taking into account the effects of light
propagation in turbid media (e.g., tissue), that was able to
extract an original lifetime fluorescence signal from time-
of-flight intensity distributions, measured in vivo from a
deeply embedded live organ for further analysis.

Study Design/Materials and Methods: Tissue-like
phantoms with embedded fluorescent dyes and background
optical properties simulating those of live tissues were de-
signed and created. Fluorescence decay curves were mea-
sured for different fluorophore positions, and pH values.
Those measurements were made with a system based on a
time-correlated single photon counting (TCSPC) instru-
ment and a tunable femtosecond Ti-Sapphire system built
by our group.

Results: Decay curves were recorded for fluorophore
depths of up to 5 mm and source-detector separation of
7 mm. It was shown that a forward model, based on the
random walk theory, adequately described the experimen-
tal data. Measured pH dependencies of the fluorescence
lifetime were characterized for two different dyes.
Conclusions: Good correlation between experimental
data and predictions of the theoretical model allows the
use of close-form analytical solutions to separate the effects
of photon time delays due to multiple scattering in tissues
from the original intensity fluorescence time decay curve,
determined by the fluorophore itself and its immediate
surroundings. It is the latter dependence that can be
diagnostically important. Experimentally obtained scaling
between lifetime and a parameter of interest can be used
in vivo to obtain a map of physiological parameter changes
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which can serve as a base for an in vivo specific diagnostic
system. Lasers Surg. Med. 35:342—348, 2004.
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INTRODUCTION

Optical imaging techniques have been widely investi-
gated over the last decade for biomedical diagnostic
applications. Some aspects of optical spectroscopy are being
considered in order to overcome constraints arising from
specific biological tissues. One such consideration is touse a
light source that emits in the near-IR region and fluor-
escent dyes that absorb and emit in this spectral range,
where tissue absorption is relatively low, thus allowing for
deeper light penetration within the tissue. Another ap-
proach is aimed toward detecting time-resolved character-
istics of the fluorescence, rather than its intensity, since
they may provide additional information about environ-
mental conditions in the immediate vicinity of a fluorescent
probe. Our goal is to apply fluorescence lifetime imaging of
specifically targeted lifetime-based fluorescent probes to
map physiological parameters in vivo. Such an approach is
a promising tool for early, minimally invasive detection of
diseases, primarily cancer.

Many studies have related alterations of physiological
parameters to the early stages of tumor development.
The extracellular pH (pH,) in a tumor microenvironment
tends to exhibit a lower value than the surrounding
normal tissue, a phenomenon that is sometimes referred
to as “acidosis.” It is considered to originate from a high
metabolic rate in a rapidly growing tumor, sometimes
accompanied by insufficient disposal of waste products
[1,2]. The pH, value in many solid tumors is low and can
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drop to 5.6, in contrast to the pH, range of 7.2—-7.6 for
normal tissue [3]. Measurements of pH, were performed
both in animal models and various human tumors [4,5]. In
these studies, a variety of malignant tumors were analyzed
in vivo, and pH, was measured using microelectrodes.
Experimental findings clearly indicated a positive correla-
tion between the tumor size and the decrease in pH,.
However, the decrease in pH, was observed even in small
tumors.

Lifetime-based sensors for these parameters have been
investigated for other spectral ranges [6—8]. The change in
pH may change the luminescence decay time (e.g., decrease
or increase the lifetime) and is usually determined by
the chemical functional groups bound to the dye molecule
(rather than by the chromophore itself). Collisional quen-
ching by protons usually results in a shortened decay time.

Fluorescence lifetime imaging attracts growing interest
in the field of molecular, cellular, and tissue imaging. This
is because the lifetime is an intrinsic parameter of the
fluorescent probe, and, being independent of the probe
concentration and possible photobleaching, it is sensitive to
changes in the immediate environment of the probe.
Distinguishing a non-malignant tissue from a malignant
one by means of fluorescence lifetime measurement in-
cludes tracing conformational changes in specific molecules
that are labeled with a fluorescent dye and are involved in
signal transduction processes in cancerous cells [9],
quantifying changes in tissue oxygenation [10], observing
longer lifetimes of an exogenous dye in cancerous regions of
the tissue [11,12] and histopathological assessment of
breast cancer tissue by measuring the decay of tissue
autofluorescence. The main challenge in lifetime imaging
lies in the analysis of the recorded data. Complications
arise at depths greater than 1 mm, where photons enter a
diffusion-like state with large dispersion in their path-
lengths [13—16]. Since the fluorescent decay curve, col-
lected from deep tissue structures, depends not only on the
location, size, and lifetime of the fluorophore, but also on the
scattering and absorption coefficients of the tissue at both
excitation and emission wavelengths, it is necessary to
describe the statistics of photon path-lengths that depend
on all of these parameters. For time-resolved fluorescent
measurements, a closed-form, analytical solution for dif-
fuse media has not been developed. For lifetime imaging
purposes, Sevick-Muraca et al. [17] have designed numer-
ical methods, including finite element models to devise
inverse algorithms based on local differential equations of
the diffusion approximation to transport theory. Mycek
et al. [18] described a Monte Carlo model that simulates
time-resolved fluorescence propagation in semi-infinite
turbid medium, and showed scattering-induced changes
in fluorescence lifetime with respect to, among others,
spatial separation between the source and detector.

In this article, the first steps in the development of a new
method are presented for early, minimally invasive dia-
gnosis of pH changes by means of fluorescence lifetime
measurements of specifically targeted exogenous fluores-
cent probes. The approach is based on the immune cell
infiltrate profile of induced squamous cell carcinoma
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(SqCC) in mice, in different stages of lesions [19,20]. In
the current study, the aim is to create a pH values map,
derived from lifetime value matrices of the tumor area and
the scaling between the lifetime and the physiological value
of interest.

MATERIALS

Optical Phantoms

Two materials were used as optical phantoms to simulate
the effect of turbid media (such as tissue) on the excitation
and fluorescent photons. Agarose-based gels were prepared
by dissolving 0.8 g agarose (SeaKem HE Agarose, FMC
Bioproducts, Cambrex Corporation, NJ) in 36.6 ml phos-
phate-buffer saline (PBS) (J.T. Baker, Catalog No. 5656)
while boiling and stirring the solution for 5 minutes. After
cooling to 70°C, 3.4 ml of Intralipid (Intralipid 20%,
Pharmacia and Upjohn, Catalog No. 406563A) was added
to the solution and spread uniformly by shaking the tube.
For preparation of phantoms with different pH values,
fixed pH buffer solutions (Buffer Concentrate Series,
Merck, and 565x Buffer Solution Series, J.T. Baker) were
used as the dissolving media instead of PBS. A complete
system for sensing pH (designed also for in vivo experi-
ments) consisted of 100 pm glass tip pH-microelectrodes
(PH100, Unisense) and the corresponding meters
(PHM210, Radiometer Analytical). The analog signals
were output through an A/D converter (ADC101, Pico
Technology) to a PC and displayed by software (PicoScope,
Pico Technology). The second substance used for phantoms
was Delrin™, available as white cylindrical plastic slabs,
with small wells on the surface where up to 5 pl of fluore-
scent dye dissolved in a buffer solution could be loaded. The
optical properties of each sample were measured by an
integrating sphere system (LabSphere). The measured
diffuse reflectance and diffuse transmittance were input to
arandom walk based algorithm together with the sample’s
thickness, and the reduced scattering and absorption
coefficients were calculated.

Fluorescent Dyes

Fluorescent dyes IRD38 and IRD41 (Li-Cor, Inc.) were
used, with absorption peaks at 778 and 786 nm, and emis-
sion peaks at 806 and 812 nm, respectively. The quantum
efficiencies of the dyes were 34.5 and 14.1% in methanol,
respectively, and the natural lifetime was 600 picoseconds
according to the manufacturer. The dyes were attached to
the amino groups of microspheres (PAO6N, 5-9.9 pm,
Bangs Laboratories, Inc.) in order to prevent diffusion of
the dye within the phantom. The phantoms were prepared
as described above and the microsphere conjugated
fluorescent dyes were injected into a specific location on
the surface of the gel. Then the phantom was covered with
slabs of the same optical properties but different thick-
nesses to simulate different depths.

METHODS

In order to measure the fluorescent decay curve for the
localized fluorescent marker, a TCSPC fluorescent lifetime
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measurement system was established. The sample was
excited with 80 MHz repeated pulses from a mode-locked,
Ti:Sapphire femtosecond laser (T'sunami, Spectra-Physics
Lasers), pumped by a 5 W, 532 nm all-solid-state laser
(Millenia Vs., Spectra-Physics Lasers). The excitation was
tuned to the absorption peak wavelength of the investigat-
ed dye. The excitation beam was split to a fast photodiode
(PHD-400, Becker & Hickl GmbH) for signal synchroniza-
tion and directed to the sample area, by a reflecting mirror.
The sample was placed on an XYZ micrometer stage.
Fluorescent photons were collected by a lens, and encoun-
tered a bandpass filter with a cut-on at 790 nm (Omega
Filters, Custom Design No. 835BP70) and a single-grating
monochromator (CM110, CVI Laser Corporation) coupled
to the entrance of the fast photomultiplier tube (PMT) head
(H7422P-50, Hamamatsu) with a minimal rise time of
200 picoseconds and FWHM down to 240 picoseconds. The
output from the PMT was further amplified by a gain
amplifier with a maximum of 26 dB (HFAC-26, Becker &
Hickl GmbH). Control of the cooling current and gain
voltage of the PMT were integrated on a PCI bus (DCC-100,
Becker & Hickl GmbH), as were the TCSPC electronics
(SPC-730 TCSPC Module, Becker & Hickl GmbH) with
the SYNC signal arriving from the photodiode and from the
constant fraction discriminator (CFD) signal from the
PMT.

The experimental setup scheme is shown in Figure 1. For
a single decay curve, photons were collected up to 45,000
counts at the peak. The instrumental impulse response was
measured by folding the laser pulse into the detection
channels using a mirror positioned in place of the sample.
Measured fluorescent intensity decay curve was a convolu-
tion of this instrumental impulse response function and
actual decay dependence. Thus, the actual decay depen-
dence could be extracted by a deconvolution procedure
(see “Results and Discussion” for theoretical analysis) from
the measured decay curve.

Fluorescence intensity decay was measured for a loca-
lized fluorescent marker (1 ul of IRD38-microbeads from a
stock of 8 x10® beads/ml) in an agarose phantom, prepared
in different pH buffer solutions to simulate variations in pH
in the vicinity of the fluorophore.

TCSPC
’ Ti:Sapph @80MHz.fs ‘

SYNC CFD
Fast Photodiode

MONO-
CHROMATOR
PMT

pH data

Fig. 1. Experimental setup.
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Different depths of the fluorophore inside the highly
scattering medium were modeled by placing tissue-like
turbid slabs of known thicknesses over the fluorescent
inclusion (as explained in “Materials”). Increasing source-
detector separation was realized by a simultaneous shift of
the sample by a given distance and detection point by twice
that distance, providing that the fluorophore was halfway
between the excitation light entry and the exit point of
detected emission photons. Measurements have been also
taken for the case when the source-detector separation was
twice the depth of fluorophore.

Random Walk Model of Predicted Intensity
Decay, As a Tool to Extract Fluorescence
Lifetime Variations Inside Turbid Media

Random walk theory was used to create a forward model
that allows the separation of an intrinsic lifetime compo-
nent from the path-length dispersion for time-resolved
measurements in turbid media [21]. It was shown that, if
the intrinsic fluorescence lifetime equaled (A¢), then the
probability that an emitted photon arrived at the detector
at time ¢ after the excitation pulse was:

0 = |w, - a0 |

a (1)
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Here, the origin of the coordinate system (0,0,0) was placed
at the entry point for the incident photon, and coordinates
of the fluorescent site and the detector were (x¢,y¢,2¢) and
(x,5,2), respectively. The optical parameters, p.and p,,
were the transport-corrected scattering coefficient and
absorption coefficients of the background, respectively.
The subscripts i and e stood for incident and emitted light,
respectively. p .andp,, were the optical characteristics of
the fluorescent site. The parameter @ (so-called quantum
efficiency) was the probability that an excited fluorophore
would emit a fluorescent photon.
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Equation (1) shows that the effect of the fluorescence
lifetime delay was proportional to the time-derivative of the
point-spread function. It should be noted that Equation (1)
was derived under the simplifying assumption that (A¢)
was small compared to a mean photon transit time from the
source to the fluorophore and then to the detector. In fact,
this assumption could be considered as a limitation on
experimental set-ups (lifetime of the fluorescent agent, its
depth, source-detector separation and optical properties of
the turbid medium) that can be analyzed within such theo-
retical framework [21]. It has been shown from Equation (1)
that the time-resolved fluorescence contrast between two
measurements taken on the surface of scattering media
could be expressed as follows [21]:

((t) = 5) dW;

€= )2 dz

(6)
Where (1) was the mean lifetime of the background tissue
and t; was the perturbed lifetime inside an abnormality
(e.g., potential tumor), and p; was the probability that a
photon would arrive at the detector, after visiting the
site of the fluorophore in the absence of any fluorescent
reemission. The value of p; could be estimated from
intensity measurements at the excitation wavelength.
The last factor, dW;/d¢, strongly depends on geometry of
the experimental set-up (relative positions of the source,
detector, and fluorophore).

RESULTS AND DISCUSSION

The effect of multiple scattering and absorption of the
background at the excitation wavelength could be char-
acterized by broadening the impulse response (as compared
to the initial laser pulse entering the emission channel)
after transmission through phantom slabs of increasing
thickness (Fig. 2). The setup for measuring the effect of
source-detector separation accounts for the path-lengths of
both the excitation and emitted photons, with the fluor-
ophore centered within this distance is shown in Figure 3.
Both the delay in the rise time of the signal and the delay in

transit time through delrin
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Fig. 2. Transit time of excitation photons through delrin
media.
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Fig. 3. Experimental coordinates scheme.

decay increased with increasing distance between the
source entrance and photon exit toward the detector
(Fig. 4) in a relatively easy to quantify manner. This data
was acquired for IRD38-microspheres complexes regard-
less of the other parameters in order to extract the pattern
of delay in photon arrival time. The effect of the second
component of the fluorophore’s position, its depth, was
measured by covering the fluorophore’s inclusion, located
on the surface of the phantom, with phantom slabs of
known thickness thus simulating different depths of the
fluorophore. A set of decay curves for IRD38-microspheres
complexes embedded in different depths is shown in
Figure 5. The photons at the excitation wavelength were
also shown to disperse (in space and consequently in time).
They dispersed less than when traveling a lateral distance,
and the dispersion of the emitted photons through this
depth should be compared to what was measured for the
lateral distance (source-detector separation), in order to
distinguish between the two components. The combined
effect was measured for source-detector distances that were
twice the depth component, and is shown in Figure 6.

The next step was to look for a dependence of the dye’s
decay time on the pH. In order to do so, optical phantoms
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Fig. 4. Source-detector separation at pH 7.
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Fig. 5. Depth variation at pH 7.

were prepared with fixed chosen pH values (in the range of
pH 4-10) and the dye-microsphere complex was embedded
on the surface of the sample. The measurements shown
here were taken for a broad pH range since no pronounced
effect of the pH on fluorescent lifetime was observed from
the preliminary measurements. The decay curves of
IRD38-microsphere complexes in different pH phantoms
are shown in Figure 7. The optical properties of the agarose-
based phantom seemed to be affected by the alkalinity of the
preparation buffer solution. Therefore, the same measure-
ments were also taken for samples of dye-microsphere
complexes dissolved in a buffer and loaded in a well in a
Delrin™ phantom, keeping the same optical properties
regardless of the pH of the sample. These results are shown
in Figure 8.

Data analysis was performed in two steps: data deconvo-
lution, using the known instrumental response of the
system, and fitting the corrected data to the theoretical
forward model for florescence intensity decay, observed

laser
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o
kS
=3
o
(&}
10000
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T T T T 1
4 5 6 7 8
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Fig. 6. Combination of source-detector separation and depth
at pH 7.
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Fig. 7. IRD38-beads at different pH in agarose.

through the turbid medium described in “Results and
Discussion.”

First, the raw time-resolved intensity distributions were
corrected for the instrumental impulse response function
which was responsible for the broadening of observed
intensity distributions. This function, determined by the
optical setup and non-ideal detection components, had been
estimated experimentally in advance, as described in
“Methods.” The measured time-resolved signal was decon-
volved, using conventional procedures, based on the Fast
Fourier Transform (FFT) of both the signal and instru-
mental impulse responses, accompanied by filtering out the
high frequency noise [22]. The ratio of Fourier components
of the signal and instrumental response frequency compo-
nents was calculated, and inverse FFT was performed to
get the de-convoluted signal. It should be noted that small
high frequency oscillations, seen at the long-time tails of
the deconvolved intensity distributions were actually
artifacts of the deconvolution procedure. They resulted

—— laser-0.219ns

10000

Counts

1000

Time (ns)

Fig. 8. IRD41-beads at different pH in delrin.
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from enhancement of the leftover high frequency noise in
the measured distributions due to small values of the high
frequency components of the response function. However,
these oscillations didn’t change the results of the fitting
procedure that smoothed the data. This procedure allowed
the separation of contributions intrinsic to the fluorescent
event (lifetime) and those that originated from the propaga-
tion effects in the highly scattering medium (time delay).
To compare corrected experimental data and model
predictions, a MATLAB code was written that simulated
an intensity decay curve, based on the analytical solution
described in “Results and Discussion.” This forward model,
calculated for reasonable values of relevant parameters,
was then used as the starting point for comparison with the
experimental data. This was done using the Curve Fitting
Toolbox from MATLAB. This toolbox allowed for choosing
any number of fitting parameters while setting others
constant and then obtaining a best fit to the deconvolved
experimental data. The curve fitting application worked
best when only a few parameters were isolated. Besides
absorption and scattering coefficients, the position of the
fluorophore (depth and source-detector separation), the
known natural lifetime, an overall scaling coefficient and
time-scaling constant were added to the code to better fit
the data. This simulation was compared to the deconvolved
experimental data. The theory was tested for correctness by
matching the raw data to the forward model using the
calculated parameter from the curve-fitting application for
a single changed parameter (e.g., depth) with all other
parameters held constant. The results of correlations
between computational simulations and experimental data
(using IRD38-microspheres complexes) for pH 7 at different
fluorophore depths are shown in Figure 9 (3 mm depth)
and Figure 10 (5 mm depth) using normalized intensities.
The calculated scattering coefficients were 0.993 and
0.979 mm™!, and the absorption coefficients were 0.133
and 0.135 mm™!, respectively. For both cases, values of

theory vs measurement for 3mm depth, pH=7
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Fig. 9. Correlation with theory for pH7 and 3 mm depth.
[Figure can be viewed in color online via www.interscience.
wiley.com.]
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theory vs measurement for 5mm depth, pH=7
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Fig. 10. Correlation with theory for pH7 and 5 mm depth.
[Figure can be viewed in color online via www.interscience.
wiley.com.]

optical coefficients were reasonable; moreover, the discre-
pancies in estimated parameters were within 1.5% error.
Figure 11 presents a comparison of normalized intensities
at a constant depth of 5 mm for varying pH. A scattering
coefficient of 1 mm ! and an absorption coefficient of
0.01 mm ! were assumed for the forward model.

SUMMARY

A TCSPC fluorescence lifetime measurement system was
established that was suitable for measuring the fluores-
cence lifetime in the experimental context of the applica-
tion. Data was collected regarding the behavior of decay
shapes with respect to the position of the fluorophore and
the surrounding pH value, and correlated with theoretical
simulations, where satisfying results from this step should

pH comparison for 5 mm depth with theory
1 i ‘

blue-pH=4
green-pH=7
red-pH=10
black -haory

normalized intensity
(=]
(=]

Fig. 11. Correlation with theory for 5 mm depth and differ-
ent pH. [Figure can be viewed in color online via www.
interscience.wiley.com.]
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be the basis for the analytical solutions of the inverse
problem. The next steps are to scan a sample in the XY
plane and synchronize the scanning coordinates with the
TCSPC system, thus obtaining a 2D lifetime map from
every sample. This 2D map will then be translated into a pH
values map according to scaling measurements. In thismap
(matrix) the source-detector separation will be known for
each pixel (from synchronizing the scanning program with
the decay curve recording program), and only the depth of
fluorophore will have to be extracted. After fixing for depth
and source detector separation, the pH is the only
parameter that affects the decay time change. Once the
first analytical solutions are ready to be implemented, in
vivo measurements will take place and the results will be
compared with histopathological analysis.
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